Empirical measurement is a common approach to obtaining head-related transfer functions (HRTFs). Due to differences in experimental conditions and possible errors, some deviations exist among the data from different measurements even for the same subject. This work aims to evaluate deviations of HRTFs from different measurements. Five sets of KEMAR HRTFs from three groups including MIT-media Lab, CIPIC Interface Lab and our lab were used. A free-field equalization was applied to the original data so as to eliminate the influence caused by the difference in the response of electro-acoustic measuring chain. The deviations among HRTF magnitudes for different measurements were specified by spectral distortion. Results indicate that the magnitude deviation increases with increasing frequency and reaches more than 10 dB above the frequency of 6 kHz. Salient deviations often occur in contralateral source directions or in ipsilateral source directions near the frequency of pinna-related notch. Nevertheless, most deviations can be effectively reduced after an auditory filter smoothing. This work suggests that the inconsistency in measured HRTF data and its impact on auditory perception should be taken into account when comparing and standardizing HRTFs from different measurements.
INTRODUCTION
Head-related transfer functions (HRTFs), which are defined as the acoustical transmission functions from sound sources to the two ears, contain major localization information. They are of great importance in binaural hearing research and virtual auditory technology. Empirical measurement is a common approach to obtaining HRTFs. So far many research groups have measured HRTFs [1] [2] [3] [4] [5] [6] [7] [8] , and some datasets are available in the public domain for the research purpose. Taking advantage of the open HRTF datasets, researchers have carried out a variety of studies related to HRTFs, such as interpolation, filter design, and customization. Other than utilizing a single HRTF dataset, studies based on a combined HRTF repository from different HRTF datasets seems to be promising in that diversity of individualized HRTFs could be involved [9] .
In the absence of a well-defined and widely acceptable procedure of HRTF measurements, measurement conditions, including methodology, system, and post-processing, vary across measurements of HRTF datasets. Due to measurement errors and above-mentioned differences in measurement conditions, deviations among HRTF measurements from different datasets are unavoidable, resulting in quantitative inconsistency among HRTF data even from a single test specimen [10] . Quantificational evaluation of the deviations among different HRTF datasets is necessary for reasonable assessing results of various studies based on measured HRTF datasets, and also a prerequisite for appropriate combining different HRTF datasets. To this end, the present work explores the consistency among five HRTF datasets by evaluating their magnitude differences using objective and perceptualmotivated comparison metrics.
METHODS
A clockwise spherical coordinate system was adopted with the head center as origin. The sound source position is described by distance r with respect to the origin, azimuth θ (0° ≤ θ < 360°) and elevation φ (-90° ≤ φ ≤ 90°). In this coordinate, φ = -90°, 0°, and 90° denote bottom, horizontal plane and top, respectively. In the horizontal plane, θ = 0°, 90°, 180°, and 270° denote the front, right, back, and left directions, respectively.
The Knowles Electronics Mannequin for Acoustics Research (KEMAR) was designed based on the average head and torso dimensions from some anatomical measurements of Western populations [11] , and has been used extensively in the field of binaural hearing. In this sense, KEMAR with (DB60/61 small pinnae) could serve as a standard specimen for direct comparisons between measured HRTF datasets. Given that the variation of HRTFs nearly maximizes in the horizontal plane when compared with other elevation planes, the horizontal HRTFs were analyzed in the present study.
The measured KEMAR-HRTFs under test were from three research groups: the media lab of Massachusetts Institute of Technology (MIT) [1] , the Center for Image Processing and Integrated Computing at UC Davis (CIPIC) [2] , the South China University of Technology (SCUT, our lab) [3] [4] [5] . The MIT and CIPIC KEMAR-HRTF databases are chosen because of accessibility and wide use in researches. Using different measurement systems, our lab has measured three sets of KEMAR HRTFs, namely, SCUT1 [3] , SCUT2 [4] , and SCUT3 [5] . The sampling rate of HRTF is 44.1 kHz for the five HRTF datasets. The details on HRTF (or HRIR, the counterpart of HRTF in the time domain) datasets are shown in TABLE 1. Note that, because a single measurement of KEMAR-HRTF was chosen from the five datasets, the inter-measurement comparison is inter-dataset comparison. As shown in TABLE 1, the length of original HRIRs is non-identical across the five datasets. To ensure the same frequency resolution, all HRIR data except the CIPIC dataset was firstly truncated by a 200-point rectangular time window, and then converted to the 256-point frequency-domain HRTFs by discrete Fourier transform. Moreover, microphone's position and the transmission response of the measurement systems (including sound sources and microphones) also vary across datasets. Although these variations are direction-independent, they may affect the consistency among different datasets. To reduce the influence of those direction-independent factors, each dataset was normalized using the HRTF at the front direction (θ = 0°, φ =0°) from the same dataset, that is, the free-field equalization.
Spectral distortion (SD) was used to describe the difference in magnitude between two sets of HRTFs
where H i and H j represent HRTFs from two different datasets (i, j), respectively. The more the SD (i,j) approaches 0 dB, the less the inter-dataset difference is. Regarding the five different HRTF datasets in Table 1 , there are 10 comparison-pairs in total.
To gain an insight into the perceptual significance of inter-dataset differences in HRTFs, magnitudes of measured HRTFs were smoothed by a moving frequency window, whose bandwidth is one ERB (equivalentrectangular-bandwidth) accounting for the frequency resolution of the inner ear [12] . In the calculation, each frequency ƒ of interest is regarded as the center frequency of the frequency window, and is related to the bandwidth by [13] ). 1 00437 . 0 ( 7 . 24 + = f ERB ( 2) The smoothed magnitude at a given frequency ƒ is determined by the root-mean square value across the ERB bandwidth as
where H(f') and Hs(f) denote the original and smoothed magnitudes of HRTFs, respectively; F H and F L denote the upper and lower bounds of the bandwidth respectively, and (F H − F L ) denotes the ERB. Substituting smoothed HRTF into Eq. (1) yields smoothed SD (i,j) . Because of the left-right symmetry of KEMAR, only the results for the left-ear HRTFs are presented here.
RESULTS AND DISCUSSION
The SD (CIPIC,SCUT3) is shown in Fig. 1 with (a) for the original HRTFs and (b) for the smoothed HRTFs. As shown in Fig. 1(a) , the difference between CIPIC and SCUT3 datasets are less than 10 dB below 6 kHz for most azimuthal directions, while the difference increases apparently for higher frequencies. Above 6 kHz, some great differences occur at azimuths contralateral to the left ear (i.e., 0° ≤ θ < 180°). This phenomenon is due mainly to the head shadow effect, which deteriorates the signal-to-noise ratio of the measured contralateral HRTFs. Moreover, the great detail in the contralateral HRTFs, caused by the interference of multi-path waves scattering across the head, would also make the contralateral HRTFs complicated and then add to the difficulty of accurate measurement. Regarding the azimuths ipsilateral to the left ear (i.e., 180° ≤ θ < 360°), some great differences are also observed especially near the frequency of pinna-related notch that is caused by the interference between the direct incident sound and pinna-reflected/scattered sound. This phenomenon is due mainly to the difficulty in the measurement of the pinna notch in terms of central frequency and notch depth. Comparison between Fig. 1(a) and Fig. 1(b) indicates that the difference between the two HRTF datasets are considerably reduced by ERB smoothing, with the mean SD (CIPIC,SCUT3) (across frequency and azimuth) decreasing from 4.0 dB to 2.8 dB. The above-mentioned results are also held for the other comparison pairs qualitatively.
To quantitatively compare the differences among the five HRTF datasets, the mean SD across azimuth and frequency was calculated in four frequency ranges, see Fig. 2 . In the frequency ranges of 0.5 − 6 kHz, 6 − 12 kHz, 12 − 20 kHz, and 0.5 -20 kHz, the maximum value of the mean SDs among the ten comparison pairs are 1.3 dB, 5.9 dB, 5.6 dB, and 4.3 dB respectively. With ERB smoothing, the differences among different HRTF datasets are considerably reduced especially for high frequencies. The smoothed mean SD in the range of 0.5 -20 kHz varies from 0.7 -3.2 dB among the five HRTF datasets. Analyzing the repeatability of HRTF measurement with measured (i.e., original) HRTFs, Riederer found that the variation between repetitions was 1-2 dB below 6 kHz, less than 3-5 dB below 10 kHz, while obviously increased for higher frequencies [14] . Our results with original HRTFs are primarily in consistent with, but greater than the Riederer's findings. Actually, Riederer's analyses were based on the data from the same measurement system, while the five HRTF datasets under test are from five different measurement systems. Although the free-field equalization was used to reduce the effect of the differences in measurement system, certain residual differences from different measurement systems may still exist. Therefore, the differences among different HRTF datasets seem to be greater than the measurement error of multiple repetitions on the same measurement system. This inconsistency in measured HRTF datasets should be taken into consideration when undertaking studies based on combined HRTF datasets.
As shown in Figs. 1 and 2 , an ERB smoothing accounting for human hearing resolution reduces the differences among HRTF datasets, implying not all physical differences lead to perceivable differences. Therefore, some perceptually-motivated processing of the original HRTF data such as the ERB smoothing seems to be necessary prior to comparing and standardizing HRTFs from different measurements.
CONCLUSIONS
Using KEMAR as the specimen, the consistency among five different measured HRTF datasets was evaluated by spectral distortion. Inter-dataset differences that originate mainly from measurement errors are observed. The differences often occur at high frequencies near the pinna-related notch or source directions contrlateral to the concerned ear. An auditory smoothing can considerably reduce the differences. Therefore, perceptual-motivated preprocessing of measured HRTFs is needed prior to evaluate the auditory consequences of HRTFs from different measurements.
